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(Hexahedrites and Octahedri tes)  and s tony  ( E n s t a t i t e  
achondr i te ,  Carbonaceous, E n s t a t i t e  and Ol iv ine  chondr i t e s )  
families. The i r o n  meteor i tes  con ta in  t r o i l i t e  as the 
ch ief  s u l f u r  component and the 6S34 ranges from 0 t o  3 
0.6'/00 wi th  r e s p e c t  t o  Canyon Diablo t r o i l i t e .  Stony 
ner ;eor i tes  demonstrate a wide va r i eky  of  s u l f u r  compounds 
f u r ,  water, and a c i d  so luble  sulfates  and u n i d e n t i f i e d  
components so lub le  only  i n  aqua r e g i a .  
3f the  i s o l a t e d  compounds v a r i e s  from 3-2.5 t o  -5.5'/00 
,vich r e s p e c t  t o  Canyon Diablo. The weighted average f o r  
a l l  components of each meteor i te ,  however, f a l l s  w i th in  
The 6S34 con ten t  
t 
4 
5lo/oo of Canyon Diablo. The S33 d i s t r i b u t i o n  c l o s e l y  
fol lows S34. 
occurred i n  t h e  meteor i tes  s t a r t i n g  from a s i n g l e  source  
The d a t a  suggest t h a t  d i f f e r e n t i a t i o n s  have 
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of  s u l f u r .  There i s  no evidence f o r  b i o l o g i c a l  a c t i v i t y  
having occurred i n  the  meteor i te ,  e i t h e r  from the  
d i s t r i b u t i o n  of  s u l f u r  compounds o r  from the i s o t o p e  - 
abundance data. 
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S u l f u r  i s  a common and o f t e n  important  c o n s t i t u e n t  
of many me teo r i t e s ,  and s ince  i t  i s  found i n  a number of 
mine ra l s  and sometimes occurs i n  va r ious  valence s ta tes  
ic one me teo r i t e  specimen, i t s  d i s t r i b u t i o n  may c l o s e l y  
r e f l e c t  the h i s t o r y  of  the  me teo r i t e .  I so tope  s t u d i e s  
i n  the  p a s t  on m e t e o r i t i c  s u l f u r  have g e n e r a l l y  shown 
ve ry  cons tan t  va lues  f o r  the S34/S32 r a t i o  (Macnamara 
and Tnode, 1950; Vinogradov, Chupaskin and Grinenko, 
1957; A u l t  and K u l p ,  1959; Thode, Monster and Dunford, 
1961; Jensen and Nakai, 1962). Most r e l i a b l e  r e s u l t s  
f a l l  w i t h i n  6S34 31.0°/oo of an  average v a l u e .  A s  a con- 
sequence, i t  has been r e a l i z e d  t h a t  m e t e o r i t i c  s u l f u r  can 
be used a s  a primary s tandard f o r  s u l f u r  i so tope  s tud ies  
and a l l  such r e s u l t s  a r e  now u s u a l l y  expressed r e l a t i v e  
t o  the  m e t e o r i t i c  s u l f u r  b e i n g  used as the s tandard  by 
t h e  p a r t i c u l a r  i n v e s t i g a t o r .  As s l i g h t  v a r i a t i o n s  do 
e x i s t ,  i t  has been suggested (Ault  & Jensen, 1962) tha t  
only  Canyon Diablo t r o i l i t e  be chosen as the primary 
s t anda rd .  
I so tope  s tud ie s  on m e t e o r i t i c  s u l f u r  have been con- 
ducted e i t h e r  w i t h  the  t r o i l i t e  nodules of i r o n  me teo r i t e s ,  
or the t o t a l  components i n  the s tony  me-teorites from which 
sulfur dioxide was separated by combustion. Small  
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s i g n i f i c a n t  v a r i a t i o n s  i n  the  i s o t o p e  r a t i o s  of  the o r d e r  
of 0.2'/00 were de tec ted  by Thode, Monster and Dunford . 
(1961) whereas larger v a r i a t i o n s  are g e n e r a l l y  thought 
t o  r e s u l t  from experimental  e r r o r s .  
The s i g n i f i c a n c e  of t h i s  f a c t  goes beyond the use 
o f  m e t e o r i t i c  s u l f u r  as merely a su i t ab le  s tandard  f o r  
mass spectrometry,  and i n d i c a t e s  t h a t  s u l f u r  had under- 
gone no f r a c t i o n a t i o n  i n  i t s  e x t r a - t e r r e s t r i a l  h i s t o r y  
and should t h e r e f o r e  a l s o  d e p i c t  the o r i g i n a l  s u l f u r  
i s o t o p e  r a t i o  of the earth p r i o r  t o  the formation of a 
hydrosphere.  A l l  subsequent processes  on earth from 
igneous a c t i v i t y  t o  b i o l o g i c a l  processes ,  i n  which s u l f u r  
compounds a r e  involved, must t h e r e f o r e  r e l a t e  back t o  t h e  
average r a t i o  of me teo r i t e s .  
I s o t o p i c  measurements by Dufresne and Thode (Anders, 
1963) on su l f a t e  and elemental  s u l f u r  from the carbona- 
Nakai (1962) found an average of 6S34 - 2.lo/oo f o r  a 
magnesium su l fa te  sample provided them by Dr. Bipian Mason 
( I Q 7 q  
and i s o l a t e d  by Lawrence Smith4 presumably about e i g h t y  
y e a r s  ago. 
As l i t t l e  a t tempt  had been made t o  sepa ra t e  the 
va r ious  s u l f u r  c o n s t i t u e n t s  from meteo r i t e s  f o r  a n a l y t i c a l  
- 
and i so tope  measurements, t h e  s tudy  was i n i t i a t e d  i n  t h i s  
d i r e c t i o n .  It was hoped t o  c h a r a c t e r i z e  some of the 
major s u l f u r  c a n s t i t u e n t s  and a t  the same t i m e  s e p a r a t e  
then .  These compounds were then prepared f o r  i s o t o p e  
a n a l y s i s  by mass spectrometry.  A prel iminary.  r e p o r t  of 
t he  r e s u l t s  has been given elsewhere (Kaplan & Hulston, 
1963). The i n v e s t i g a t i o n  attem2'cs t o  answer ( a )  whether 
i n d i v i d u a l  s u l f u r  compounds are f r a c t i o n a t e d  r e l a t ive  t o  
each o t h e r  and t o  the  weighted average, (b)  i f  any large 
f r a c t i o n a t i o n s  e x i s t  similar t o  these  found on e a r t h ,  
( c )  i f  t h e r e  i s  a t r end  i n  the  f r a c t i o n a t i o n  p a t t e r n  
which might i n d i c a t e  b i o l o g i c a l  a c t i v i t y ,  and (d )  what 
evidence e x i s t s  t h a t  i s o t o p i c  v a r i a t i o n s  may have occurred 
dur ing  nucleogenesis .  
Over twenty meteor i tes  were inves t iga t ed ,  repre- . 
s e n t i n g  types  i n  which s u l f u r  i s  o f t e n  an  important 
cons t i t u e n t .  
METHODS 
P r e - a n a l y t i c a l  treatment 
S ince  most of the meteor i tes  were obtained from 
museurn o r  u n i v e r s i t y  c o l l e c t i o n s ,  t h e i r  h i s t o r y  du r ing  
s t o r a g e  was g e n e r a l l y  not accura. te ly  known except  f o r  
J . 
Lhe x o s t  r e c e n t  f a l l s .  Whenever poss ib l e  specimens were 
chosen not  t o  inc lude  any f u s i o n  c r u s t  o r  i d e n t i f i c a t i o n  
markings, w h i m  a r e  q u i t e  common on museum samples. Any 
obvious i m p u r i t i e s  were removed wi th  a c l ean  s t e e l  c h i s e l  
and the specimen wiped c a r e f u l l y  wi th  glazed paper t o  
remove adnering p a r t i c l e s .  Stony me teo r i t e s  were ground 
t o  a f i n e  powder w i t h  an  alumina mortar  an6 p e s t l e .  
Chondrules were removed from chondr i tes  by g e n t l y  
crushing the meteor i te ,  picking ou t  the l a r g e r  spheres  
and T o l l i n g  out  the smaller ones on an i n c l i n e d  sheet of 
g lazsd  paper.  When s p h e r i c a l  p a r t i c l e s  no longer  sepa- 
r a t e d  e a s i l y  from t h e  matrix,  t he  m a t e r i a l  was s t u d i e d  
w i t h  a low power binocular  r e f l e c t i n g  microscope and 
choriarules o r  s e c t i o n s  of chondrules selected wi th  f i n e -  
t ipped  forceps .  The specimen was f u r t h e r  crushed and the 
9rocess  repea ted  s e v e r a l  t imes u n t i l  the ma t r ix  was of a 
f i n e  s i l t  s i z e .  The chondrules were cleaned of l o o s e l y  
adhering matrix wi th  a low powered u i t raso i i ic  disi i l te-  
g r a t o r .  
T r o i l i t e  nodules were removed from the  i r o n  me teo r i t e s  
w i t h  a d e n t a l  d r i l l .  
Sulfur a n a l v s i s  
Y 
Carbonaceous chondri tes  were g e n e r a l l y  dr ied  over  
phosphorous pentoxide under vacuum p r i o r  t o  a n a l y s i s ,  
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o t h e r  me teo r i t e s  were not  because of t h e i r  low water  con- 
t e n t ,  b u t  a s e p a r a t e  f r ac t ionvas  d r i e d  
a l l  va lues  r e l a t i v e  t o  the d r y  weight. 
i n  o rde r  t o  p r e s e n t  
I r o n  meteorites.--The s u l f i d e  was removed from t h e  
t r o i l i t e  ch ips  by a c t i o n  of h o t  4N hydrochlor ic  a c i d  i n  
a closed v e s s e l .  Oxygen-free n i t rogen  was cont inuously 
b l O W i I  i n  t o  remove the  l i t be ra t ed  hydrogen s u l f i d e  which 
was absorbed i n  a 5 N  s i l v e r  n i t r a t e  s o l u t i o n .  Tne r e s u l t -  
Ing s i l v e r  s u l f i d e  was f i l t e r e d  on a s i n t e r e d  glass f i l t e r ,  
washed wi th  water,  then  with a 1:l s o l u t i o n  of ammonium 
hydroxide and then water aga in .  
and was then  s to red  i n  prepara t ion  f o r  combustion t o  
s u l f u r  d ioxide .  
It was d r i e d  a t  l O 5 O C  
I n  the case of Coahuila the  residue left a f t e r  HC1 
r e a c t i o n  was oxidized with aqua r e g i a  and the su l f a t e  
p r e c i p i t a t e d  as barium s u l f a t e  from the f i l t r a t e .  
Carbonaceous and o the r  chondrites.--An attempt was 
L -  ct,apazterize 2s EZfiy- Qf t h e  grcxps nf sglfl-lr r.gm_- 
po~inds as poss ib l e .  The s e q u e n t i a l  steps g e n e r a l l y  fol- 
lowed were: 
1. Ex t rac t ion  w i t h  60:40 benzene-acetone. The ex- 
t r a c t i o n  was g e n e r a l l y  c a r r i e d  ou t  f o r  24 hours e i the r  i n  
a Soxhle t  apparatus o r  by r e f l u x i n g  the me teo r i t e  powder 
d i r e c t l y  i n  the  so lven t .  S ince  the sample weight was 
almost always under 10 grams, t h i s  method was considered 
s u f f i c i e n t l y  e f f i c i e n t .  
Tie so lven t  was then e i t h e r  d i r e c t l y  evaporated,  t o  
y i e l d  elernental  s u l f u r ,  as  i n  the case of Orguei l  2 (HU 4), 
Richardton and Karoonda,or e lse  passed down a c o l l o i d a l  
copper column (Blumer, 1957) which p r e f e r e n t i a l l y  removed 
the  s u l f u r  as copper s u l f i d e .  The s u l f u r  and copper s u l -  
f i d e  were oxidized f i rs t  wi th  bromine and then  aqua r e g i a  
t o  su l f a t e .  T h i s  was p r e c i p i t a t e d  as barium s u l f a t e .  
2.  Ex t r ac t ion  of water-soluble  s u l f a t e s .  I n  the  
carbonaceous chondr i tes  an at tempt  was made t o  e x t r a c t  
water-soluble  s u l f a t e s  by r e f l u x i n g  t h e  specimens, a f t e r  
organic  so lven t  e x t r a c t i o n ,  w i th  deoxygenated water fm 
8 t o  24 hours .  A t  t h i s  s t age  a few drops of 10% cadmium 
a c e t a t e  were added t o  the e x t r a c t  t o  d e t e c t  any so lub le  
s u l f i d e s ;  none was de tec t ed  except  i n  the e n s t a t i t e  
me teo r i t e s .  Soluble  s u l f a t e  was p r e c i p i t a t e d  a s  barium 
s u l f a t e  from the  s o l u t i o n .  
3. React ion with 5N HC1. The me teo r i t e  specimen 
through t h e  
captured i n  
was assumed 
t r o i l i t e .  
system. The r e l e a s e d  hydrogen s u l f i d e  was 
a 5 N  AgN03 s o l u t i o n  as s i l v e r  s u l f i d e .  
that  t h i s  process l ibera ted  the  s u l f i d e  from 
It 
4. Acid-soluble s u l f a t e .  The a c i d  s o l u t i o n  was 
t h e n  f i l t e r e d  o r  cent r i fuged  and ac id-so luble  s u l f a t e  
y r c c i p i t a t e d  as barium s u l f a t e .  
5. Second e lementa l  s u l f u r  e x t r a c t i o n  with benzene. 
The washed meteor i te  res idue  was dr ied  a t  room 'tempera- 
t u r e  under vacuum and r e -ex t r ac t ed  wi th  benzene. The 
s o l v e n t  e x t r a c t  was evaporated t o  a small volume (10 cc)  
and elemental  s u l f u r  separated on a c o l l o i d a l  copper 
column. 
6. Third elemental  s u l f u r  e x t r a c t i o n  of me teo r i t e  
r e s i c h e  wi th  60:40 acetone-methanol. The me teo r i t e  r e s i d u e  
was next e x t r a c t e d  w i t h  a 60: 40 acetone-methanol mixture  
t o  remove the most po la r  organic  components (Kaplan, 
Degens a: Reuter,  1963). This sometimes r e s u l t e d  i n  a 
dark aheno l i c  e x t r a c t  i n  which e lementa l  s u l f u r  was d i s -  
solved.  Tne s u l f u r  was separa ted  on the c o l l o i d a l  copper 
column. 
7. Aqua r e g i a  oxida t ion .  The remaining me teo r i t e s  
r e s i d u e  was f i n a l l y  oxidized wi th  aqua r e g i a  by prolonged 
slow b o i l i n g .  I n  most cases t h i s  caused t h e  s o l u t i o n  of 
most of the  metals w i t n  t h e  deeompositisn cf s m e  n f  Che 
s i l i c a t e s ,  l eav ing  a white i n so lub le  residue--probably 
s i l i c a  wi th  some s i l i c a t e s .  The s o l u t i o n  was evaporated 
to near  dryness,  10 m l  concent ra l  HC1 added, and b o i l i n g  
continued t o  almost complete evaporat ion t o  remove excess  
n i t r i c  acid;  50 m l  water was then  added and barium sul- 
f a t e  p r e c i p i t a t e d  i n  the  f i l t r a t e  with barium ch lo r ide  
s o l u t i o n .  
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i n  some cases  where the  organic  conten t  seemed ve ry  
low and t h e r e  was no reason t o  suspec t  e lemental  s u l f u r ,  
s t e p s  1, 5 and 6 were omitted.  The data g iven  i n  the 
s e c t i o n  on RESULTS include comments regard ing  which ex- 
t r a c t  contained the elemental  s u l f u r .  
Chondrules.--The chondrules were crushed t o  a f i n e  
pow6er i n  an alumina mortar and r eac t ed  wi th  4N hydro- 
c h l o r i c  a c i d  t o  remove s u l f i d e s ,  as wi th  t h e  t r o i l i t e  
ilodules. 
The in so lub le  res idue  of Richardton ana BJurbole 
was f u r t h e r  oxidized w i t h  aqua r e g i a  and the s o l u t i o n  
t e s t e d  for s u l f a t e s .  
E n s t a t i t e  chondr i tes  and achondrite.--Since there 
are r e p o r t s  t h a t  oldhamite (calcium s u l f i d e )  is presen t  
i n  e n s t a t i t e  me teo r i t e s  (Wiik, 1956) and a l s o  a l a b a n d i t e  
(manganese s u l f i d e ;  Dawson, Maxwell & Parsons,  1960) the 
procedure for analyz ing  t h e s e  specimens was somewhat 
changed. 
.I 
Norton County & H l d i t t i s .  To the  powdered m e t e o r i t e  
was added b o i l i n g  oxygen-free water and a stream of 
oxygen-free n i t rogen  was passed through the r e a c t i o n  
v e s s e l .  The mixture was heated t o  n e a r  b o i l i n g  f o r  3 
hours and evolved hydrogen s u l f i d e  captured i n  a s o l u t i o n  
of s i l v e r  n i t r a t e  as s i lver  s u l f i d e .  The aqueous e x t r a c t  
of t h e  n e t e o r i t e  was then f i l t e r e d  r a p i d l y  on a BUchner 
11 
runnel  and the f i l t r a t e  allowed t o  run  i n t o  a f l a sk  con- 
t a i n i n g  1 m l  of a concentrated cadmium a c e t a t e  s o l u t i o n  
t o  t r a p  the so lub le  s u l f i d e .  The cadmium s u l f i d e  was then 
decomposed with hydrochlor ic  acid and the hydrogen s u l f i d e  
absorbed i n  the  f i rs t  s i l v e r  n i t r a t e  t rap.  
The r e s i d u a l  meteor i te  was then  re f luxed  w i t h  4N 
HCI and a c i d - v o l a t i l e  s u l f i d e  removed wi th  n i t rogen  and 
absorbed i n  s i l v e r  n i t r a t e  s o l u t i o n .  
The f i l t r a t e s  from the water and a c i d  e x t r a c t s  were 
t e s t e d  f o r  so lub le  s u l f a t e s  with b a r i u m  ch lo r ide .  
Bollowing these  r e a c t i o n s  the me teo r i t e  r e s idue  was 
oxid ized  with aqua r e g i a  and s u l f a t e  p r e c i p i t a t e d  from 
the f i l t r a t e  with barium ch lo r ide .  
Abee. --An at tempt  was made t o  s e p a r a t e  bldhamite 
f r o n  a l aband i t e  by the fol lowing method. The ground 
n e t e o r i t e  was shaken for 10 minutes with 10 m l  b o i l i n g  
water,  f i l t e r e d  r a p i d l y  on a Bfichner funnel  and washed 
w i t h  900 m l  b o i l i n g  water in'co a f l a s k  coritaiairig 3c! m l  
of  10% cadmium a c e t a t e  s o l u t i o n .  
l a t e r  converted t o  s i l v e r  s u l f i d e .  Elemental  s u l f u r  was 
The cadmium s u l f i d e  was 
noted t o  c r y s t a l l i z e  on the walls of the f l a sk  as the 
f i l t r a t e  cooled. This  was separa ted  by f i l t r a t i o n  and 
e x t r a c t i o n  w i t h  toluene a f t e r  which i t  was r e c r y s t a l l i z e d .  
To the r e s i d u a l  meteor i te  was added 100 ml cold deoxy- 
genated water  and carbon d ioxide  'blown through the 
12 
nix ture- -no  
a d d i t i o n  of 
evo lu t ion  of hydrogen s u l f i d e  occurred. An 
0.25 m l  a c e t i c  a c i d  was made and evo lu t ion  
b e g x  slowly aild increased on hea t ing .  
continued u n t i l  no f u r t h e r  evo lu t ion  of hydrogen s u l f i d e  
could be detected In the silver n i t r a t e  trap. The above 
'cwo s u l f i d e s  were combined and termed calcium s u l f i d e .  
Bubbling of Cog 
To the me teo r i t e  was next added 100 m l  of a 20$ 
a c e t i c  a c i d  s o l u t i o n  and carbon d ioxide  was bubbled  through 
the r e a c t i o n  v e s s e l  f o r  about 20 hours u n t i l  no f u r t h e r  
hydrogen s u l f i d e  was evolved. 
Next 70 ml concentrated hydrochlor ic  ac id  was added 
t o  the r e a c t i o n  mixture and a very rapid evo lu t ion  of 
iiydrogen s u l f i d e  occurred. The hydrogen s u l f i d e  was 
t rapped i n  a s i l v e r  n i t r a t e  s o l u t i o n .  
Tne remaining meteor i te  r e s i d u e  was oxidized with 
aqca reg ia .  A l l  f i l t r a t e s ,  a f t e r  water, ac id ,  and aqua 
regia  r e a c t i o n s ,  were t e s t e d  f o r  sulfate .  
Cnemical d i f f e r e n t i a t i o n  between a l aband i t e  and 
t r o i l i t e .  Since presumably only small q u a n t i t i e s  of 
a l a b a n d i t e  are p resen t  i n  the Abee me teo r i t e  (Dawson, 
Maxwell & Parsons,  19601, i t  was assumed tha t  only 8 
chemical method would e f f e c t i v e l y  separate i t  from the 
t r o i l i t e .  Tr ia ls  wi th  t r o i l i t e  from Canyon Diablo showed 
t h a t  a c e t i c  a c i d  d i d  not r e a c t  w i th  i t  t o  l i b e r a t e  hydrogen 
s u l f i d e ,  even when the r e a c t i o n  mixture was heated.  
t 
A t e r r e s t r i a l  a labandi te  o re  from French Mine, A r i -  
zona, r eac t ed  slowly with 5% a c e t i c  ac id  i n  the  co ld  and 
more r e a d i l y  wi th  2076 a c e t i c  ac id .  
a c c z l e r a t e d  the  r e l e a s e  of  hydrogen s u l f i d e .  
Heating the  mixture 
Eho1e.--Since elemental  s u l f u r  was suspected from 
this meteor i t e ,  i t  was first e x t r a c t e d  wi th  an 80:20 
benzene-methanol mixture. 
h o t  a c e t i c  a c i d  and the r e l eased  hydrogen s u l f i d e  removed 
i n  a szream of n i t rogen  and captured.  Next it w 8 s  re- 
ac t ed  w i t h  5$ a c e t i c  ac id  f i rs t  i n  the cold and tnen by 
hea t ing .  The s u l f i d e  fur ther  r e l e a s e d  was captured. 
F i n a l l y ,  the me teo r i t e  res idue  was r eac t ed  w i t h  4N hydro- 
chlc-.Lc ac id .  The th ree  s u l f i d e  f r a c t i o n s  obtained were 
It was then  r eac t ed  w i t h  0.5% 
kepz sepa ra t e .  All ac id  f i l t r a t e s  were t e s t e d  f o r  
s u l f a t e .  
Tine d ry  me teo r i t e  was r e -ex t r ac t ed  wi th  benzene- 
metnanol (20 :80 )  and f i n a l l y  oxidized with aqua r e g i a  
and s u l f a t e  i n  t h e  f i l t r a t e  as previously.  
Is0 t o pe measurements 
A l l  barium s u l f a t e s  were reduced to hyclrogen sulf,de 
wftn a hypophosphorous-hydroiodic a c i d  mixture and con- 
v e r t e d  t o  s i l v e r  s u l f i d e  fo l lowing  the d e s c r i p t i o n  of 
Thoae, Monster and Dunford (1961). 
. 
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S u l f u r  dioxide , f o r  mass spectrometer  measurement , 
was pyepared by an  adapta t ion  or" the method descr ibed  
by Rafter (1957) i n  which the s i l v e r  s u l f i d e  was b u r n t  
a t  1 2 0 0 ~ ~  i n  a stream of oxygen. 
Some of the samples were measured on the mass spec-  
trozneter a s  the gas s u l f u r  hexaf luor ide  (SF ) us ing  an 
adapt ion  o f  t he  method developed by Hoering (1962). 
enabled small samples of the o rde r  of 1.0 m g m  s u l f u r  
L3 rngm A@) t o  be s t u d i e d .  
of al lowing S36 t o  be measured, s i n c e  there was no i n t e r -  
f e rence  by o t h e r  overlapping i s o t o p i c  i o n  spec ie s  (e.&. - 
oxygen i s o t o p e s  i n  SO,). 
a l l - m e t a l  vacuum system by pass ing  d ry  f l u o r i n e  gas  over  
i?e;,S a t  room temperatures f o r  30 minutes and c o l l e c t i n g  
the  sE?6 produced i n  a t r a p  cooled by l i q u i d  oxygen. 
SFG >#as then  p u r i f i e d  by gas chromatography us ing  a colunn 
2acked wi th  molecular s ieve  type 5 A  heated t o  15OoC. 
methed is Gescr ibed  in &?+.ail ;rlSPWk?PPP 
6 
T h i s  
i t  a l s o  had the advantage 
The SFG was produced i n  an 
The 
The 
(Ulllst.on & Thode, 
1965) 
Tne SO2 and SFG samples were measured on a 6-inch 
mass spectrometer  employing simultaneous c o l l e c t i o n  and 
sample swi tch ing  techniques as descr ibed  by Wanless and 
Thode (1953). The i o n i c  s p e c i e s  SO2+ and SF were used 
f o r  these measurements. All r e s u l t s  are quoted as gS 
v a l u e s  Gc2lned by: 
5 
34 
. 
. 
RESULTS 
6s34(~/00) = ( (  ~ 3 4 / ~ 3 ~  sample - 1) x 1000 
(S34/S32) Standard 
Tne s tandard  SO2 and SF6 gases  used were both  prepared 
i'rom the t r o i l i t e  phase of  t he  Canyon Diablo me teo r i t e .  
The 6S34 value  thus expresses  the d i f f e r e n c e  i n  p a r t s  
per thousand between S34/S32 r a t i o  of t h e  sample as com- 
;?ared t o  the S34/S32 r a t i o  of t he  Canyon Diablo t r o i l i t e .  
Desc r ip t lon  of meteor i tes  
Sone p r o p e r t i e s  of  the me teo r i t e s  s tud ied  are g iven  
i n  Table 1. i n  gene ra l  there does no t  appear t o  have 
been any extraneous addi t ion  of s u l f u r  to the  speciinens 
du r ing  s to rage .  Changes, e s p e c i a l l y  ox ida t ions ,  may wel l  
have occurred w i t h i n  t h e  samples du r ing  s to rage .  T h i s  i s  
shown by the  p r e s e n w  of s u l f a t e  i n  many m e t e o r i t e s  
(Table 2 )  and by f e r r i c  hydroxide o f t e n  a s s o c i a t e d  wi th  
lawrenci te  (PeCl2) 
faces o f t e n  showed 
i r o n  was p r e s e n t .  
w i th  a yellow film 
exposed s u r f a c e s .  
from which i t  i s  der ived .  Fresh s u r -  
rust spots ,  e s p e c i a l l y  i f  m e t a l l i c  
T r o i l i t e  grains  were sometimes covered 
suggest ing s l i g h t  o x i d a t i o n  a t  the  
I n  general ,  m e t a l l i c  iron appeared t o  
ox id i ze  more r e a d i l y  than t h e  t r o i l i t e .  Inadequate  
. 
, 
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p r o t e c t i o n  of Type I carbonaceous chondr i t e s  resu l t s  i n  
cfi’lorescence of white c r y s t a l s  on the su r face  dur lng  
s to rage  (24. H. Hey, personal  communication). 
I ro r ,  me teo r i t e s  
Tne most abundant form of s u l f u r  i n  t he  i r o n  me teo r i t e s  
i s  zrooili te.  Reports have been made f o r  the presence of 
d a u b r e e l i t e  (FeCr2S4), p a r t i c u l a r l y  i n  Coahuila ( P r i o r ,  
1953), b u t  only t r a c e s  of a nonhydrochloric v o l a t i l e  s u l -  
T u r  component could be separated T r o m  t h i s  m6teor i te  i n  
the  present  s tudy  (Table 3).  
(1959) have shown t h a t  p y r r h o t i t e  i s  a l s o  a common con- 
s t i t u e n t  of many t r o i l i t e  nodules inc lud ing  Coahuila, 
the s u l f u r  remaining a f t e r  hydrochlor ic  a c i d  t rea tment  
may a r i s e  Prom va r ious  minerals .  
Since Nichiporuk ana Chodos 
A number of t r o i l i t e  nodules from i r o n  me teo r i t e s  
were analysed inhklich the r a t i o  of Fe:S was repor ted  t o  
-ue g;i.eatei5 thaii .as.iral \ A U J . b l A J . ~ U A  I hT+ nk-T - n - n , 7 1 P  U h  U L b U  qnr7 Chedos, 1959) 
These are the Toluca, Indian Val ley and Bal l inoo  me teo r i t e s .  
Nichiporuk (pe r sona l  communication) thought th i s  enr ich-  
ment I n  i r o n  may i n d i c a t e  tha t  s u l i ’ u r  had been preferen-  
t i a l l y  removed and may i n d i c a t e  a f r a c t i o n a t i o n  process .  
The i so tope  data i n  Table 3 show a remarkably con- 
s t a n t  value f o r  the t r o i l i t e  s u l c u r  of the i r o n  me teo r i t e s .  
Tne ,S34 r e s u l t s  a l l  f a l l  w i t h i n  0.0 t o  +0.6°/00 of Canyon 
. 
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3 i e b l o  which i s  the standard; the average f o r  the s i x  
salnplcs bcing given as 44.2 /oo.  0 
Carbonaceous and o the r  chondri tes  
The d i s t r i b u t i o n  of s u l f u r  i n  the chondr i tes  appears  
%o be  q u i t e  complex. It i s  g e n e r a l l y  assumed that  Types 
I an2 11 ca-rbonaceous cnondri tes  have t h r e e  valance s ta tes  
of s u l f u r  demonstrated by s u l f i d e ,  e lementa l  s u l f u r ,  and 
s u l f a t e ;  t he  o t h e r  chondri tes  are thought t o  have only 
c r o i l i t e .  Mason and Wiik (1962), however, demonstrated 
$hac p e n t l a n d i t e  (Fe,NI) S 
in ;(z,-oonda ( o l i v i n e  chondr i te ) .  They demonstrazed the 
presence of t r a c e s  of p y r i t e  and cha lcopyr i t e ,  e x i s t i n g  
as i n c l u s i o n s  a s soc ia t ed  wi th  the p e n t l a n d i t e .  The 
presence of a number o f  s u l f i d e  minera ls  i n  t r a c e s  was 
d e t e c t e d  i n  pol i shed  t h i n  s e c t i o n  by Xamdohr aad--ECu.Xe.,?iz$. 
was the major s u l f i d e  mineral 9 8  
(1968). 
mlAn A A L G  y 7 - w . l  V CAI A U U I A I  -k-: 1-1f - 7  V J =f s u l f u r  d i s t r i b u t i o f i  st .my 
m e t e o r i t e s  can be seen from the  p re sen t  r e s u l t s  (Tables  2 
and 3) and from Mason (1962, 1962-1963), and may i n  p a r t  
r e f l e c t  t he  uneven d i s t r i b u t i o n  of the s o l i d  phase as 
curnested by Wiik (1956). 
"ne a n a l y t i c a l  procedure used t o  e x t r a c t  the s u l f u r  
was o u t l i n e d  i n  o r d e r  t o  s e p a r a t e  as many of the components 
LS poss ib l e .  I n  a l l  meteor i tes ,  except  the  e n s t a t i t e  
. 
tJytir.t, L ~ ~ M  v \ L b f  m d  EAJe, 
chondr i tes  i t  was assumed t h a t  
phase e x i s t e d .  
J 
h 
l a  
no water-soluble  s u l f i d e  
Carbonaceous chondri tes  were f i rs t  e x t r a c t e d  w i t h  
a n  cIrganic s o l v e n t  mixture i n  o rde r  t o  remove e lementa l  
su1r”ur and chen a ser ies  of  o t h e r  e x t r a c t i o n s ,  as o u t l i n e d  
i a  the Nethods t o  remove other components. The r e s u l t s  
seen  i n  Table  2 seem t o  confirm Mason’s (1962-1963) 
g e n e r a l i z a t i o n  that Type I carbonaceous chondr i tes  are 
enr iched  i n  the s u l f a t e  phase,  Type 11 i n  e lementa l  sul- 
f u r ,  and Type 111 i n  t r o i l i t e .  There appears  t o  be l i t t l e  
doubc ‘chat Djpe I11 chondri tes  have t r o i l i t e  as the major, 
anci perhaps only,  phase i n  most s tones .  I n  the case of 
Type I carbonaceous chondri tes  i n s u f f i c i e n t  evidence 
e x i s t s ,  s ince  only  one stone, Orgueil ,  was i n v e s t i g a t e d  
i n  the p resen t  s tudy and the r e s u l t s  d i f f e r  from those 
g i v e n  by DuFresue and Anders (1962) f o r  the same me teo r i t e .  
Tie e l e n e n t a l  s u l f u r  seems t o  be d i s t r i b u t e d  as a coa t ing  
on the s i l i c a t e  minera i  g ra ins  ana i s  eas i iy  reiiiuved “vy 
organ ic  so lven t  e x t r a c t i o n .  The most complex case was 
presented  by t h e  Type 11 carbonaceous chondr i tes .  Here, 
s u l f u r  seems to e x i s t  i n  numerous phases,  O f  the  three 
s p e c i m n s  s tudied  (Table 2 )  t r o i l i t e  was least  abundant. 
The PTocedure used  f o r  e x t r a c t i n g  Mighei and Cold Bokkeveld 
was d i f f e r e n t  from t h a t  used f o r  Murray. I n  t h i s  l a t t e r  
case t h e  me teo r i t e  was not r e - e x t r a c t e d  with organic  
. 
s o l v e n t s  a f t e r  hydrochlor ic  a c i d  t rea tment  and t h i s  may 
account f o r  t he  l a r g e  component l i s t e d  as r e s i d u a l  s u l f u r  
(Table 2) .  
s e p a r a t e  source (Dr. E. P. Henderson, Smithsonian I n s t i -  
t u t e ,  Washington, D. C.)  was e x t r a c t e d  l a t e r  by the sane 
procedure as f o r  Mighei and Cold Bokkeveld and al though 
no q d a n t i t a t i v e  d a t a  a r e  a v a i l a b l e ,  e lemental  s u l f u r  was 
e x t r a c t e d  by the second organic  so lven t  e x t r a c t i o n  and 
no r e s i d u a l  s u l f u r  could be de tec t ed  a f t e r  aqua regia 
oxida t ion .  It i s  the re fo re  probable t ha t  the  s u l f u r  
l i s t e d  as r e s i d u a l  s u l f u r  i n  Table 2 i s  the organic  
s o l v e n t  e x t r a c t a b l e  s u l f u r .  Due t o  l ack  of me teo r i t e  
A small specimen of a s tone  obtained from a 
specimens, t h i s  could not be tes ted fu r the r  q u a n t i t a -  
t i v e l y  e i t h e r  i n  Murray or i n  Mokoia, where the same con- 
d i t i o n  may p e r t a i n .  
The o rd ina ry  chondr i tes  conta in  t r o i l i t e  as the 
most abunciant phase. Residual s u l f u r  i s  most l i ke ly  due 
o r  even perhaps nonhydrochloric ac id  v o l a t i l e  i r o n  s u l -  
f i d e s .  The presence of s u l f a t e s  o r  e lemental  s u l f u r  as 
found i n  Richardton ( T a b l e  3) i s  probably due t o  oxida- 
tion of reduced s u l f u r  during s to rage  of  the sample a f t e r  
f a l l i n g .  This  i s  e s p e c i a l l y  t r u e  i n  the  case of Richardton 
where marked ox ida t ion  was v i s i b l e .  However, i t  must be 
noted that  elemental  s u l f u r  was de tec t ed  i n  t h i s  m e t e o r i t e  
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3y t h t 3  second organic  solven: e x t r a c t i o n  a f t e r  hydrochlor ic  
aciC t rcatment ,  s i m i l a r  t o  the case of Mighei and Cold 
Bokkeveld. 
Tie e n s t a t i t e  chondri tes  are g e n e r a l l y  accepted as 
b e i x  h ighly  reduced. T h i s  i s  confirmed by  the 23resence 
of  m t e r  s o l u b l e  s u l f i d e  probably i n  tne foTm o f  calcium 
s u l f l d e  (oldhamite) .  
rela-ked t o  this a n s t a b l e  s u l f u r  component. The r e s i d u a l  
Dhe occurrence o f  s u l f a t e  may be 
sulfu:- i n  a l l  cases  may r ep resen t  n i c k e l  s u l f i d e s ,  s i n c e  
L. m e  . . c id  e x t r z c t s  o f  t he  me teo r i t e  wsre a deep g r z w  
color .  The presence or manganese s u l f i d e ,  a l abanc i t e ,  
has been suggested by Dawson c t  a l .  (1960) t o  e x i s t  i n  
Xoce. Its removal was attempted i n  t h i s  metcorize and 
i n  Zhole by r e a c t i o n  w i t h  weak a c e t i c  a c i d  s o l u t i o n .  
--
a 1 7  * Teact ion was ca r r i ed  oui; on the basis t h a t ' w o i l i t e  
e x t r a c t e d  from Canyon Diablo i r o n  me teo r i t e  d i d  not  
l i b e r a t e  hydrogen s u l f i d e  by r e a c t i o n  with a c e t i c  a c i a ,  
c'ic E O .  Zbc l z g e  discrepancy between the va lues  found 
by Dawson -- e t  3 2 . .  (1960) and the present  work suggests 
t h s t  a more '&~,-~ugh i n v e s t i g a t i o n  of t h i s  problem i s  
' S u l f u r  fn tnc chondru le s  0 f" 'o rd inary  chondr i tes  and 
'L'i'jrpc I11 carbonaceous chondri tes  appears to be pi-esent 
12rgely i n  the form of t r o i l i t e .  No o t h e r  component could 
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be e:; tracted.  Adhering t r o i l i t e  g r a i n s  were removed 
mechanically wherever p o s s i b l e .  Microscopic obse rva t ions  
c l e a r l y  showed t h a t  the t r o i l i t e  conten t  was var iable .  
Photographs of chondrules by Anders and Goles (1961) 
d e m n s t r a t e  the va r i ab le  d i s t r i b u t i o n  of t h e  s u l f i d e .  
1 Achondrites 
An unsuccessful  a t t empt  was made t o  s e p a r a t e  t r o i l i t e  
from Pasamonte meteori te--a  pyroxene-plagioclase 
achondr i te .  
separa ted  f 2 o s  the meteor i te  b y  s e t t l i n g  out  i n  ne thylene  
iod ide ,  only 0.0016 S was removed. 
From 1 .4  g o f  a heavy mineral  f r a c t i o n  
Norton County, an  e n s t a t l t e  achondr i te ,  y i e lded  rio 
wzter-soluble  s u l f i d e s  b u t  d i d  produce a water-so2uble 
s u l f a t e  which probably r ep resen t s  the  oxidized phase of 
oldhamite.  Tine ac id  e x t r a c t s  were green i n d i c a t l n g  t h e  
l each ing  of n i cke l .  The r e s i d u a l  s u l f u r  i s  probably a 
h y d r ~ c h l o r i c  a c i d  insoiuh3.e I r o n  n i cke l  sulfide. Met21 
f r agxen t s  up  t o  3 mm i n  diameter were separa ted ,  i n d i -  
c a t i n g  the  heterogeneous na tu re  o f  t h i s  me teo r i t e .  Tnis 
probably expla ins  why the ca l cu la t ed  t o t a l  s u l f u r  con ten t  
which was measured us ing  16 g of me teo r i t e  d i f f e r s  from 
t h e  t o t a l  by d i r e c t  a n a l y s i s  from 0.8 g meteor i t e .  
1s;:opic v a r i a t i o n  
V a r i a t i o n  of  6 ~ 3 ~  i n  e x t r a c t s  of i;he me teo r i t e s  
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s t u d i e s  v a r i e d  from +2.6 t o  -5.6'/00 (Tables 2 ana 3 ) .  
A weighted average was taken f o r  each me teo r i t e  am2 i t  
can be seen t o  l i e  between 3.0.5 and -0.7O/oo. 
t o t a l  a n a l y s i s  f a i l s  close t o  0. The d a t a  i n  Fi&;ure 1 
and 2 c l e a r l y  show t h a t  the i s o t o p i c  ratio S 34/~32 i s  not  
consLant f o r  each compound and tha t  t he  v a r i a t i o n  does 
wt  seem t o  fo l low any c l e a r  p a t t e r n ,  b u t  that  t h e  average 
of the sepa ra t e  components f a l l s  c lose  t o  ze ro .  Tine d i s -  
crepancy tha t  e x i s t s  between the  c a l c u l a t e d  average and 
t h e  d i r e c t  measurement of the whole me teo r i t e  i n  the  case  
of ru'orton County may r e f l e c t  a heterogeneous d i s t r i b u t i o n  
of components i n  the d i f f e r e n t  fragments analyzed. The 
v a r i a t i o n  i n  6S34 f r o m  31.0 t o  3.3'/00 f o r  e lementa l  s u l -  
f u r  e x t r a c t e d  from three separzte fragments of Orgueil  
meteorLte i l l u s t r a t e s  the spread. 
me d i r e c t  
A e  a r e  From Figures 1 and 2 i t  can be seen t h a t  the- 
no d e f i n i t e  t r ends  f o r  isotope v a r i a t i o n  of the d i f f e r e n t  
.lnere -, may be sOirie 0 2  _^ .^^^  L --...-. -- cr. components. ' I l L L J . L c l A l G C 3  I I v w C v G l - ,  U U  
the f ac t  t h a t  i n  the Type I aqd Type I1 carbonaceous 
chondrites t h e  s u l f i d e  phase had a p o s i t i v e  6S34 v a l u e  
and the s u l f a t e  a negative (jS34 value  r e l a t i v e  t o  Canyon 
Diablo.  I n  Mokoia (Type 111) the r e v e r s e  was measured. 
The negat ive va lue  f o r  s u l f a t e  may i n d i c a t e  tha t  i t  was 
der ived from a v o l a t i l e  s u l f i d e  phase i n  t h e  me teo r i t e  
through p r e f e r e n t i a l  d i f f u s i o n  and oxidation of the 
. 
1Tznter  molecule. T h i s  may also exp la in  the  very 'nega2ive  
(jS34 value  f o r  the su l fa te  i s o l a t e d  from Norton County 
(TaLic  3 ) .  
Tne va lues  f o r  6534 i n  t r o i l i t e  f rom the  chondrules 
of 3 ichard ton  and Bjurbole (Table 3) were similar t o  the 
5S34 va lues  of t r o i l i t e  i n  t h e  mat r ix .  
a co;nmor, s o u r c z  for t he  s u l f i d e  phase. 
T h i s  may i f id ica te  
The t r o i l i t e  of i r o n  me teo r i t e s  has a very coi-istant 
value rAza," $334 O.Oo/oo. 
t r o i l l - b z  from D e l  Monte Country, C a l i f o r n i a ,  one oi" the 
rare ttxamples of such a s l n e r a l ,  gave a value o f  6.5 = 
-2.3°/oo.(Table 3) show;ng tha t  i t  was un l ike ly  t o  have 
On ;he other haad a terrestrial 
34 
been der ived  i n  thz past from 
I n  a d d i t i o n  to S34, mass 
have z lso 'been made on S33 by 
a me teo r i t e .  
spectrometer  measurexent s 
using both  the  SO2 and SP6 
techrdques (Hulston and Thode, 1965). The data f o r  the 
r e l a t i v e  d i s t r i b u t i o n  are  g iven  i n  Figure 3. 
DISCUSSION 
O f  p a r t i c u l a r  i n t e r e s t  i s  the  presence of c;enental  
Z u l T u r  i n  the carbonaceous me teo r i t e s .  It appears t h a t  
t he  a l s t r i b u t i o n  may be d i f f e r e n t  i n  Type I an6 Ty$e 11. 
Li; zhe ;'oriner, t he  sulfur i s  preserik on the su r face  of 
xir,e;oal g r a i n s ,  and can e a s i l y  be removed by an organic  
24 
s o l v e n t  e x t r a c t i o n .  I n  the Type I1 chondr i tes ,  an  organic  
so lven t  e x t r a c t i o n  a lone  could n o t  remove the s u l f u r .  
It was only  a f t e r  the meteor i te  was hydrolyzed i n  hydro- 
cnlo;-ic ac id  t h a t .  organic so lven t  e x t r a c t i o n  was success-  
Tul.  Af t e r  hydro lys is ,  the organic  r e s i d u e s  seemed more 
s o l w 3 l ~  i n  po la r  than nonpolar organic  so lven t s  (Kaplan, 
Degens and l ieuter,  1963) and the na ture  oi' these  compounds 
suggests t h a t  they may have h e t e r o c y c l i c  s t r u c t u r e .  The 
ele;;lzntal s u l f u r  may the re fo re  be o r g a n i c a l l y  bourid i n  
such a case.  A l t e rna t ive ly  the  s u l f u r  i s  captured w i t h i n  
c r y s c a l  g r a i n s  and only l i b e r a t e d  when these have been 
p a r t i a l l y  destroyed by ac id  t reatment .  Since i t  i s  d i f -  
f i c u l t  t o  envisage a complete removal of  o r g a n i c a l l y  
botixi s u l f u r  as elemental  s u l f u r  'by ac id  t rea tment ,  i t  
nay be assurneu for t h e  present, t ha t  e lemental  sulfur 
e x i s t s  on ly  i n  a r e l a t i v e l y  unavai lab le  form i n  Type II 
carbonaceous chondr i tes .  
The data presented i n  Tables 2 an6 3 aiid F i g u r e s  
1 and 2 show that  the  6S34 fo? the tota.3. meteor i t e  agrees  
t o  w i t h i n  kG.7 of the value deriveci by computation. This 
v a 2 x  was der ived  by mul t ip ly ing  the  i so tope  r a t i o  of 
each component by i t s . p r o p o r t i o n  of the t o t a l  sulfur con- 
t e n t  and sumdng.  The genera l  c lose  agreement i n d i c a t e s  
t ha t  no important  components could have been l o s t  a u r i n g  
t h e  laboratory separa t ion .  
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One i 'actor t h a t  may produce anomalous f r a c t i o n a t i o n  
;'ac"ui*s i s  the a n a l y t i c a l  procedure.  I f ,  dur ing  the 
sepa ra t ion  of  the components, t h e r e  was p a r t i a l  scpara- 
t i o r ,  only,  t h i s  may account f o r  d i sc repanc ie s .  The f a c t  
t h a c  the i r o n  meteor i tes ,  however, showed cons tan t  S 34 /S 33 
r a t i o s  after r e l e a s e  o f  s u l f i d e  Zrom t r o i l i t e  would tend 
t o  a,-g;ue 2ga.inst t h i s .  I n  add l t ion ,  i t  i s  d i f f i c u l t  t o  
s e e  how s o l i d  phases such as s u l f a t e  o r  e lemental  sulfur 
could be f r a c t i o n a t e d  by so lven t  Gxtract ion,  s i n c e  there 
are no k i n e t i c  o r  equi l ibr ium phenomena involved. 
The data show no c l e a r  evrdence for microbio logica l  
su l r ' a te  reduct ion  of t h e  type know'n i n  t e r r e s t r i a l  depos f t s  
6r l a j o r a t o r y  experiments.  I n  sucn a case t h e  s u l T a t e  i s  
invay iab ly  enriched i n  the heav ie r  i so tope .  Mokoia may 
be t h e  only except ion t o  the o t h e r  data, s ince  here s u l -  
f a t e  showed an enrichment i n  the  heavier i so topes .  The 
t o  s - l f a t e .  Other l i n e s  o f  evidence would have t o  be 
brought  forward t o  support  t h i s  conten 'cion. 
TLe cons tan t  sverage of S34/S32 composition or" t h e  
t o t a l  s u l f u r  i n  meteor i tes  s tud ied ,  s t rong ly  i n d i c a t e  
t h a t  the s u l f u r  incorporated i n t o  the p l ane ta ry  body o r  
bodies  during :heir formation a rose  from a common source.  
The presence of i s o t o p i c  v a r i a t i o n  and the averagiris 
o u t  of the va lues  t o  a constant  f o r  any s i n g l e  me teo r i t e  
fragrne;.c, s trorigly suggests  t ha t  r e a c t i o n s  have occurrea  
i n  a closed system without any apprec iab le  l o s s e s  of 
i n d i v i d u a l  coinponents. The d a t a  a lso argue agalnst  addi-  
t i o n  of s u l f u r  from e x t e r n a l  sources .  
Fu r the r  support  f o r  -- i n  s i t u  f r a c t i o n a t i o n  by chemical 
processes  comes from t he  s tudy  by Hulston and Tnode (1965) 
of the o t h e r  s t a b l e  i s o t o p e s  02 s u l f u r  (S33 anu S 36)  
enr i chazn t  of e i t h e r  of these I so topes .  Data p l o t t e d  i n  
34 Figure 3 showing the r r l a t i o n s h i p  'between 6S33 and 6s 
yield a s t ra ight  l i n e  w i t h  a s lope  of 0.51, i d e n t i c a l  
with that  proposed by theory.  
Tne fac 'cors ou t l ined  above a r e  s t rong  evidence 
a g z i x t  t he  formation o r  a c c r e t i o n  of any s i g n i f i c a n t  
amomts of s u l f u r  i n  the  me teo r i t e  parent  body through . 
. 
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Legend to Figures  
F igure  1. D i s t r i b u t i o n  of S3*/S3*mong t h e  d i f f e r e n t  s u l f u r  
c o n s t i t u e n t s  i n  carbonaceous chondr i t e s .  
F igure  2. D i s t r i b u t i o n  of  S34/S32 among t h e  d i f f e r e n t  s u l f u r  
c o n s t i t u e n t s  i n  chondri tes ,  achondr i tes ,  i r o n  m e t e o r i t e s  
and terrestrial  t r o i l i t e  from D e l  Norte County, C a l i f o r n i a .  
Figure 3 .  Var ia t ion  i n  S34 relztive t o  S 3 3  i n  m e t e o r i t e s  and 
terrestrial  s u l f u r  compounds used as s tandards .  The 
m e t e o r i t i c  samples w e r e  measured eitner i n  the f o m  
of  SO2 or SF6. 
METEORITE 
Orgue i I 
Murray 
Cold Bokkeveld 
Type 111 
Mokoia 
Felix 
Warrent on 
Karoonda 
- 3  - 2  
61s 
X 
Lance 
A 
0 
-1 
0 
-1  
f 
*a 
0 *A 
A$ r 
0 
0 
to 
0 
0 0 
0 
A 
0 0  
0 
0 
+1 +2 +3 
1 1 1 
sO+(H, 0 SOL) 0 so 
A SO,(HCI sol.) x Residual S 
0 F e S  * Weighted average of total 
0 Other Sulfides + Total S by measurement 
4 
0 
I 1 I I 1 +i SS"(O/.e) 
-3 -2  - 1  +1 +2 
CHONDRITES 
A bee 0 e 
I 
I '  Hvittis 
Bjur bole 
Ehole 
Richardtm (a) 
IRONS - 
0 Terrestrial Fe S 
4 
ACHONDRITE - Norton County 
X 
A 
*+ 
0 
0 
+ n 
I I I I +2 +3 6 S3~%0) -5 -4 -3 -2  -1 
A SO+(H,Osol) 0 s o  
I I 
0 
0 FeS x Residual S 
Q FeS in chondrules A Weighted average of total 
0 Other Sulfides + Total S by muasurement 
3 i. 
c 
n n 
* O X  
TABLE 3 e r r @  ' TAELE I - DSSCRIPTION C 
Meteorite Type O r 1  
Orguei l  ( a )  Carbonaceous Chondrite B. Mason, 
Type I Am. Mus. 
N.Y. 
Orgueil  
N 
Mighei 
Murray 
Cold Bokkeveld 
Mokoia 
F e l i x  
Warrenton 
Karoonda 
Lance 
Abee 
Hv i t t  i s  
Bjurbole 
Carbonaceous Chondrite K.Ko Ture 
Type I1 Yale U n i v  
Dept. of 
Carbonaceous Chondrite C a l l f o r n l  
Type I1 T e c h n ~  
Carbonaceous Chondrite K . K .  T u r e  
Type I1 Univ. 
Carbonaceous Chondrite* C O B .  Moor 
Type I11 Univ. o f  
( N i n  inger 
c o n n  ) 
* Ca rbonac eous C hondr i t  e Cal if orn 1: 
Type I11 T e c h  
Carbonaceous Chondrite* K.K. Ture 
T y p e  I11 Dn i v e r s  I t  
Carbonaceous Chondrit$* B. Maaon, 
Geology . 
Am. Mus. 
rlJ .Y. 
Type I11 
Carbonaceous Chondrite* K.K. Ture 
Type 111 Yale UniT 
Ens t a t  i t e  Chondrite G * G *  Gal€ 
U.C.S.D., 
E n s t a t i t e  Chondrite K.X. Ture  
Yale U n i l  
01  ivine-Hyper8 thene B. Mason, 
Am. Idus. Chondrite 
N . Y .  
~- 
Condition and Descr ipt ion of  Specimens 
Small fragments without fus ion  c r u s t  
o f  # a t .  His tory,  White e f f lorescence  present  ( 3  g) , 
I t  
N 
11 
Sene (0.23g) 
I so l a t ed  s u l f a t e  obtained from B. Meson 
ex t r ac t ed  by J.Lo Smith (1876), 
kian,  Black chondr i te  with few chondrules.  White s a l t  
e r a i t y ,  on su r fapes .  Specks of brown Fez03 v i s i b l e  
Geology. (4.3 g)* 
n I n s t .  o f  
logy Crushed specimen as  powder s t o r e d  i n  g l a s s  v i a l  
( 6 0 2  g). 
k i a n ,  Yale Sample broken from l a r g e r  specimen. Some mag- 
n e t i c  p e r t i c l e s  appearing t o  conta in  s u l f i d e s ,  I 
wit.. t r r i ~ r 6  4 c S 6 I . t  Vi8ISIe (6.8 g )  
5 '  
e, Sing le  f'ragment, f r e c t u r e  planes conte iq ing  white  
Arizona, c r y s t a l s ,  some brown s p o t s  of i r o n  oxide v i s i b l e .  
Meteor i t  e Chondrules dominant (6 .14  g )  , 
a I n s t .  o f  Crushed specimen 8s powder s t o r e d  i n  g l a s s  v i a l  
kian ,  Yale  S i n g l e  fragment.  Magnetic, Some oxida t ion .  
y,  Depte of White 3 c l t  v i s i b l e  under low power magnif icat ion 
O m 3 Y  (1.8 g).  
(1.7 gj. 
BlRck e e s i l y  fragmented specimen. Su l f ides  
of Nat. His tory ,  e a s i l y  v i s i b l e  under low power magnif icat ion 
k i an ,  S ing le  fragment. Magnetic. Some oxide t ion  
9 ,  Dense and h a r d .  PoJished su r faces  show f r e e  
La Jolla, metal  ond metal  s u l f i d e  su r faces .  Magnetic, 
(3.4 g). 
e r s i t y  (2.5 43). 
No oxida t ion  apparent (7 .9  g ) .  
k ian  , 
e r s i t g  I As above (5.3 g ) .  
Grey chondr i te  conta in ing  25% chondrules . Sul- 
of' N e t .  H i s to ry  f i d e s  p re sen t  i n  abundance. Some oxida t ion  1 evident  (5.2 g ) .  
Ehole 
t 
Richardton 
Richardton 
Norton County 
Canyon Diab lo  
Toluca 
Toluca 
Merceditas 
+ ,  Qk if3k '5 
Indian Valley 
Bal l inoo  
Co a hu 11 a 
T e r r e s t r i a l  Tro il i t e  
01 j.vlne -Bronzon i t  e H. Suess, 
Chondrite U.C.S.D.,  
01 iv ine-Bronzi te  
Chondrite 
Ens t a t  i t  e A chondr it e 
(caleium p o o r )  
I ron - coarse  
oc t a h e d r i t e  
Californit 
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K . K .  Turel 
Yale  Univc 
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I ron  - medium oc ta -  We Nichipq 
h e d r i t e  C a l i f  o r n i s  
1 '*. - *J. 
Iron - hexehedri te  
Iron - f i n e  o c t a h e d r l t e  
I ron  - hexahedr i te  K.K. Turek 
Yale Univa 
Del Norte County 
Cal i f o r n i e  
L. S i l v e r ,  
C s l i f o r n i d  
Techol 
Described by Mason (1962) ad O l i v i n e  - P d  * 
La Jolla. 
rim, 
w s i t y  . 
I n s t .  of 
If3Y 
'uk, 
I n s t .  of 
,gY 
t t e o r i t e  Co. 
wk, 
I n s t .  of  
'gY 
t t e o r i t e  CO. 
-uk, - Same - 
I n s t .  of Technology. 
-I 6 r ' .  i 1 
n - Same - 
Pighly  magnetio. Fresh su r faces  showed l i t t l e  
ox ida t ion  o r  t8 ,mfShing.  Some e n c r u s t a t i o n s  o f  
s a l t .  NO chondrules (3.8 g ) a  
ien, 
r a i t y  
Fragmented specimen. 
i da t ion .  Chondrules dominant ( 3  p ) .  
Some fus ion  c r u s t  s t i l l  p resent  ( 7 . 5  g)a  
Obvious evidPnce of  ox- 
I n a t .  o f  ?emoved by d r i l l  f r o m  c lean  su r face  of  t r o i l i t e o  
OgY 
Sample broken from lArger  specimen. 
( F e  o r  NI) fragments up t o  3 m a  d iameter  present .  
Oxidstion evident  (16.1 g )  
Metal 
qeoni te  Chondrites 
Fresh s u r f a c e  cu t  Bnd t r o i l i t e  removed from 
nodule by d r i l l  
- Same - 
- Same - 
- Same - 
- Same - 
r i  - Same - 
- Same - 
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TABLE 2 - EXPERIMENTAL dESULPS O F  CHENIC4L AND 5 # & 6 2  C K r @  
Meteorite  and Type Cornpouna Extracted 
Probeble 
Component 
Sample 
NO 
T Y P O  1 
Orgueil  ( a )  
Orduel1 ( b )  
Orgueil ( c )  
Orgueil ( d )  
Type I1 
Cold Bokkeveld 
Mlghei 
SO 1st e x t r a c t  
So 2nd e x t r a c t  
SO = (HZO 801) 
4 
SO4" ( H C 1  s o l )  
S= (HC1 v o l )  
Residual S (aqua r e g i a )  
Total  S 
SO 
So 
SO4-(Smlth, 1876) 
SO 1st e x t r a c t  
So 2nd e x t r a c t  
So 3rd e x t r a c t  
SO4- ( H 2 0  s o l )  
SO4= ( H C 1  801) 
S= (HC1 v o l )  
- 
Residual 9 (aqua regia) 
T o t a l  S 
SO 1st e x t r a c t  
So 2nd e x t r a c t  
SO 3ra e x t r a c t  
S O  
SO? 
Mg SO 
4 
Ca SOq 
FeS 
- 
So 
So 
Ms so4 
- 
S O ?  
S O ?  
CM53 
CM5 4 
CM19 
CM22 
C M 2 0  
- 
HU2/69 
w 4 / 9 3  
M/203 
I 
CM55 
CM5 6 
ISOTOPIC MEASUREMENTS 08' CARPTNAC'EO-JS CHOFL'DRITES - 
8 s34 Gals ~v S S ~ ~  
/OQ 1 ( O f Q f i )  (0 
S Content  C a l c  Total S 
% CP 1 - 
1.35 
0 009 
2.47 
0.13 
0.04 
Trace 
5.96 
1.5 
5 b54 
t 1.8 
- 
- le6 
+ 0.0 
+ 3 L  1 
- 
+ 0.0 
+ 1.0 
+ 3.3 
- 1.7 
0.00 
0.03 
0.53 
1 e 0 5  
O b 0 0  
0.01 
0.- 
0000 
Trnoe 
1 e 5 0  
~~ 
- 0.6 
+ 0.2 
+ 0.7 
+ 2.2 
1.62 
+0.35 
+ 0.4 
~ 
( Mg, Ca CM44 SO4 SO = ( H 2 0  s o l )  4 
SO," ( H C 1  801) - - 
S =  (HCl v o l )  FeS CM46 
Res idua l  S ( a q u a  regia) ? C Y 5 1  
T o t a l  3 
SO - - 
SO4= (H20 S o l )  ( Mg JCa )so4 C M l Z  
SOq' ( H C 1  801) C a m 4  CM14 
S= ( H C 1  v o l )  FeS CM13 
Res idua l  S (aqua  r e g i a )  ? C M l 7  
T o t a l  S 
Murray 
. 
Type I11 
Yo ko ia SO - 
CaS04? 
- 
FeS 
? 
- 
C M 1 5  
- 
CY1 6 
CM18 
HU3/71 
so,= (%O sol) 
S O T  (HC1 sol) 
S= (HC1 v o l )  
Res idua l  S (aqua  regia) 
T o t a l  S 
Yoko i a  c hondrulea  S= (HC1 v o l )  FeS 
C Y 1 1  F e l k  S" ( H C 1  v o l )  FeS 
Lance S= ( H C 1  v o l )  FeS CM39 b 
Warrenton S= (HC1 v o l )  
Res idua l  S ( a q u a  reg ia)  
FeS CM4Ob 
- 
Ka roonda S= ( H C 1  v o l )  
S O T  (HC1 s o l )  
So 
Realdual S 
T o t a l  S 
FeS 
S O ?  Hu6/91 
HU7/30 
HUl/70 
.__ 
~~ ~ - 
0.46 + 0.0 
0.00 
0.18 
0.15 
- 
0.00 
- 0". 39 
0.10 
0.06 
1.71 
0.00 
0.14 
0.00 
0 -15 
1.82 
1.95 
0.ul 
1.83 
1.18 
1 e60 
Trace 
0.02 
0.00 
0.13 
1.25 
1.02 
2.37 
2,26 
2.11 
1 .a3 
1.18 
1.60 
1.38 
- 
+ 1.7 
- 1.5 
- 1.7 
- 0.2 
+ 2.5 
+ 0.3 
+ 1.3 
- 
- 1.4 
+ 0.1 
+ 0.3 
+ 0.3 
+ 0.5 
+ 0.4 
- 
+ 0.4 
-. 
- 0.2 
- 2.2 
+ 0.2 
+ 0.3 
- 0.5 
t o.07 
+ 0.5 
t 0.4 
- 0.2 
c 
%ABLE 3 - EXPERIMENTAL RESLT'LTS OF CHENIGAL n 
Meteor i t e  and Type Compound E x t r a c t e d  
Probable 
Component 
Sam 
N 
CHONDRITES ( n o n  Carbonaceous) 
Richardton ( a )  ( m a t r i x )  S= (HC1 v o l )  
T o t a l  S 
(chondrulea)  S= ( H C 1  v o l )  
FeS 
FeS 
Richardton ( b )  ( m a t r i x )  - ( I )  nonmagnetic f r a c t i o n  ( 6 1 . M )  
SO SO? 
S= (HC1 v o l )  FeS 
( i i )  magnetic f r a c t i o n  (29 .4%)  
S= (HC1 v o l )  FeS 
T o t a l  S 
( chondru le s )  S= ( H C 1  vol) ( 8 - 6 5 )  FeS 
B j u r b o l  e ( m a t r i x )  S= ( H C 1  v o l )  (75.4%) FeS 
Residual S (aqua r e g i a )  ? 
T o t a l  3 
(chondrules )  S" ( H C l  v o l )  I: 24 6%) FeS 
Ehole 
Abee 
So - 
0.5% Ace t i c  a c i d  v o l  Cas? 
5% Acet ic  ao id  v o l  XIIS? 
CM 
CM 
CM 
CM5 
CM2 
CM2 
CM2 
CM3 
C M 3  
Hu 
S' ( H C 1  v o l )  FeS 
s04 
Residual S (aqua r e g i a )  - 
T o t a l  9 
S =  ( H 2 0  sol) Cas 
Cas? 
~ ~~ 
SO 
b *  
D ISOf'bPIC MEASUREMEETS OF STONY AND I R O N  METEORITES- -  
l e  3 Content  Calc T o t a l  S 8 s34 . ( % I  ( O/OO 1 ( % I  -- -.. . I-. -.
/ 7 8  
1.28 
0.88 
0.83 
0.12 
1.81 
0.79 
0.87 
2.17 
0.05 
1.36 
0.00 
0006 
0.11 
1 083 
0.90 
0.00 
2.02 
1.28 
1.56 
2.22 
2.00 
+ 0.5 
+ 0.#5 
+ 0.:1 
+ 0.3 
+ 0.2 
+ 0.1. 
+ 0.21 
- 1.7' 
+ 0.1 
- 0.1 
+ 0.1 
- 0.8 
- 
- 0.5 
+ 0.5 
+ 0.2 
+ 0.1. 
+ 0.28 
- 0.73 
0.07 
0.06 - 1.7 
+ 
-~ ~~ 
H v i t t i a  
7 - 
ACHONDRITES 
Worton County  
IRONS ( T r o i l i t e  Phase)  
Canyon Diablo ( a )  
(b) 
( c )  
Toluca 
( b )  
Mercedi tas  
Indian  Val ley  
Bal l inoo  
Co a hu il a 
TERRESTRIAL TROILITE 
Del N o r t e  Count) ( C a l i f . )  
20$ Ace t i c  a c i d  vol 
20% Ace t i c  a c i d  vol 
(0-18 hrs. ;I 
(18-20 h r s  ) 
YnS? 
S= (HC1 v o l )  FeS 
Residual S (aqua r e g i a )  
T o t a l  S 
3 =  (H,O s o l )  
- so4- (H2o sol) 
S= ( H C 1  s o l )  
SO4= ( H C 1  sol) 
Residual S (aqua r e g i a )  
Total 3 
- 
SO4- (H20 s o l )  
S= ( H C 1  v o l )  
SO4- ( H C 1  801) 
Residual  S (aqua r eg ia )  
T o t a l  3 
- 
B= ( H C 1  v o l )  
11 11 
11 n 
11 W 
n 11 
11 n 
n 11 
I1 ll 
1)  n 
Residual  3 (aqua r a g i a )  
S= ( H C 1  vol) 
Ca3 
Cas? 
PeS 
~ 
CM4 
CM4 
CM5 
CM3 
CM3 
CM3 
( F e , N I )  S ? 
9 0  
CY3 
C M 3  Cas? 
FeS C Y 3  
- - 
( Fe , N I 1 $3*? CMS 
Hu5 
FeS 
FeS 
FeS 
FeS 
FeS 
FeS 
FeS 
FeS 
Fe3 
FeCr2S4 
FeS 
CM : 
CY 
M/I 1 
CM ; 
M / 1  
CM 4 
CM ! 
CM 
CM2 a 
CM2t 
CM21 
~~ 
- 0.2 1.86 
0.06 
4.62 
0.00 
--v-_( -  - -  
0.06 
0.04 
9.12 
0.00 
0.24 
+ 0.4 
- 0.2 
- 0.06 
B 
b 
+ 2.b 
- 0.8 
+ 0. l  
- 
+ 0.2 
3.46 - 0.l4 
- 5.6 
+ 0.0 
- 
+ 1.4 
' +  0.0 
0.13 
0.34 
0.00 
0.18 
0.35 6 - 0.7 92 
'8 
86 
0.65 
+ 0.0 
t 0.1 
+ 0.0 
+ 0.1 
+ 0.1 
+ 0.0 
+ 0.1 
t 0.0 
17.3 
25 .t3 
- 
+ 0.1 
+ 3.1 
+ 0.3 
35.7 
- 
+ 0.3 
+ 0.0 
31.8 
10.8 
14.4 
29.0 
+ 0.0 
t 0.6 + 0.6 
+ 0.4 + 0.4 
0.07 
- 2.3 25.8 
